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SUMMARY 
Estimating Areal -Mean Rainfall 
from Radar Data 
Estimates of a rea l -mean storm rainfall were 
de t e rmined from 3-cm radar data for 9 s to rm 
pe r iods over the Goose Creek network, which 
encompassed 96 square mi les . These est imates 
were compared with a r e a l - m e a n s torm rainfall 
from the 50-gage network. Area l -mean s to rm 
rainfal l e s t i m a t e s , which were computed from 
the radar data by using radar - ra in fa l l equations 
developed by other investigators for 10-cm r a d a r , 
we re much l e s s than those computed from the 
raingage network data. A comparison of the p r e -
cipitation area obtained from both radar and ra in-
gage data indicated that it should be possible to 
develop a radar-rainfal l relationship which would 
provide better quantitative rainfall estimates from 
the 3 - c m data col lected over the Goose Creek 
ne twork . 
Variance of Areal-Mean Storm Rainfall Est imates 
F r o m Networks of Various Gage Densities 
In quantitative radar - ra infa l l studies, some 
means is needed for evaluating the accuracy of 
a r e a l - m e a n s t o r m rainfall es t imates which a re 
computed from radar data. A systematic sampling 
study was made on the Goose Creek raingage net-
work data to determine an estimate of the standard 
e r r o r to be expected in est imating m e a n - s t o r m 
ra infa l l from different gage dens i t i e s . These 
e r ro r s were determined for the purpose of es tab-
l ishing a s tandard for appra i s ing the deviation 
between a r e a l - m e a n s torm rainfall values com-
puted from radar data and those computed from 
the Goose Creek raingage network. 
A chart was prepared to indicate the relation 
of the standard e r r o r of the es t imates to s to rm 
size, as indicated by the network-mean rainfall, 
and to the number of gage observations included 
in the e s t i m a t e s . This char t indicates that the 
s tandard e r r o r i nc r ea se s as the s to rm size in-
c reases and that the standard e r r o r increases as 
the gage density decreases. For example, a mean 
ra infa l l of 0 .50 inch over 96 square mi les has 
expected standard e r ro r s of 0.118, 0.061, 0.024 , 
and 0.020 inch for gage densit ies of 2, 4, 8, and 
16 per 96 square miles , respectively. For a one-
inch mean rainfall and the same gage densi t ies , 
the e r r o r s a r e 0.156, 0.089, 0.050, and 0.028 
inch, respect ive ly . 
Sampling T ime- In te rva l Study 
An analysis was made to obtain evidence which 
would indicate how frequently radar- ra infa l l ob-
servations must be recorded to achieve accurate 
estimates of areal-mean thunderstorm rainfall. A 
systematic sampling study was made with raingage 
data to determine the expected standard e r r o r of 
mean- ra in fa l l e s t imates about the Goose Creek 
network-mean rainfall from one-minute network-
mean rainfall samples . Samples were taken at 
every 2nd, 4th, 6th, 10th, 15th, 20th, and 25th 
minute during a s to rm period. 
A cha r t was p r e p a r e d which indicates the 
r e l a t i o n s h i p of the s tandard e r r o r of the est i -
ma tes to the s t o r m s ize , expressed by the net-
work-mean rainfall , and to the interval between 
one-minute samples . This chart shows that the 
standard e r r o r of the est imates increases as the 
storm size increases and as the number of minutes 
between one-minute observations increases . This 
chart may be used to determine the expected stand-
ard e r ror when samples are taken every 2nd, 4th, 
6th, 10th, 15th, 20th, and 25th minute. For ex-
ample, the expected standard e r r o r s in the m e a -
surement of an areal -mean s torm rainfall of 0.25 
inch a r e 0 .002 , 0 .005 , 0 .009, 0 .016, 0 .028, 
0 .040 , and 0.054 inch for in te rva l s of 2, 4, 6, 
10, 15, 20, and 25 minutes , respect ively . The 
e r r o r s for the same intervals for a mean rainfall 
of 0 .50 inch a re 0 .005, 0 . 0 1 1 , 0.019, 0 .036, 
0.061, 0.088, and 0.118 inch, respectively. Over 
the range of s torm size studied the resul t s indi-
cate than an accuracy of 0.9, 2 .2 , 3.7, 7.0, 12.0, 
17.5, and 23.1 per cent is obtained for sampling 
intervals of 2, 4, 6, 10, 15, 20, and 2 5 minutes, 
respect ively , over the 96 square-mile network. 
Rainfall Rate Frequency Study 
When sampling for quantitative rainfall esti-
ma tes with a limited number of radar r e c e i v e r -
sensitivity steps, the most reliable sample should 
be obtained by selecting the sensitivity settings in 
such a manner that the greatest number of obse r -
vations are selected from those ra tes which con-
tr ibute the g rea t e s t amount of water . The bes t 
sample should be obtained by using sma l l e r in-
crements of ra te between sensitivity steps in the 
range of rates which produce the greatest propor-
tion of the total amount of water . 
One-minute rainfall amounts from 10 s to rms 
over the Goose C r e e k ra ingage network were 
a s s u m e d to be good approximat ions of rainfall 
r a t e s . The frequency of these r a t e s was tabu-
lated and the percentage of total water con t r ib -
uted by each ra te was de termined. Curves r e -
lating percentage of cumulative water sampled to 
rainfall ra te were prepared for each s to rm and 
for s e v e r a l s t o r m s combined. The combined 
curve was used to select an est imate of the bes t 
r e c e i v e r - s e n s i t i v i t y se t t ings for the stepping 
switch. The ra infa l l - ra te settings suggested by 
this curve for a stepping switch of 10 steps were 
0.10, 0.30, 0.50, 0.83, 1.15, 1.60, 2 .25, 3.10, 
4 . 7 0 , and 11 .00 inches pe r hour for s t e p s 1 
through 10, respect ively . 
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INTRODUCTION 
As a resul t of r e sea rch during and immedi-
ately following World War II, radar was found to 
provide excellent indications of rainfall over large 
areas . On theoretical grounds it appeared possible 
to obtain quantitative information on the d i s t r i -
bution of precipitation rates and amounts over such 
areas by properly calibrating radar equipment and 
by improving display of da ta . The re fo re , the 
Illinois State Water Survey and others began p r e -
l iminary research to investigate using radar for 
quantitative precipitation measu remen t s . 
During 1950 and 1951 the Illinois State Water 
Survey experimented with a modified AN/APS-15A 
radar set for measur ing thunders torm rainfall . 
An automatic receiver gain reduction device was 
const ructed and instal led on this r adar se t . A 
3 5 - m m scope c a m e r a photographed the P P I in 
synchronizat ion with the gain reduction device. 
Simultaneous rainfall measu remen t s were made 
with a dense ra ingage ne twork . Under Signal 
Corps cont rac t number DA-36-039 SC-4 2 446 , 
the Water Survey r ada r - r a in fa l l invest igat ions 
were expanded in 1952 to investigate further the 
u t i l i ty of r a d a r for quan t i t a t ive prec ip i ta t ion 
measurement s . 
In pa r t i a l fulfil lment of the Signal C o r p s 
con t r ac t , an extens ive s e r i e s of s imul taneous 
measurements of radar-received-power and ra in -
fall rate were made during 1952. These data were 
collected over a dense raingage network of 50 r e -
cording raingages in a 96 square-mile a r e a . A 
detai led compara t ive ana lys i s of the r ada r and 
raingage data was made to aid in evaluating the 
ut i l i ty of r a d a r for d e t e r m i n i n g a r e a l ra infal l 
amoun t s . A ra infa l l ra te frequency study was 
done as an aid to radar calibration and a sampling 
interval study was made as an aid in determining 
the frequency r e q u i r e m e n t s of r ada r s amp le s . 
This report summarizes the methods of data col-
lect ion, ana ly t ica l p r o c e d u r e s , and r e su l t s of 
a n a l y s i s . 
ESTIMATING AREAL MEAN RAINFALL 
FROM RADAR DATA 
Radar Equipment and Installation 
Early in May, 1952, a quonset-type building 
with an adjoining 47-foot tower was completed for 
the I l l inois State Water Survey ' s Meteorologic 
Labora to ry at the Universi ty of Illinois Airpor t 
(Figure 1). The main components of an AN/APS-
15A*, 3-cm radar set, were installed in the build-
ing and radar antenna was installed on the tower. 
This r a d a r equipment was used to collect 
data f rom which m e a n - s t o r m rainfal l could be 
calculated and compared with that obtained over 
a concentrated raingage network provided for this 
purpose. Having the antenna installed on the 47-
foot tower gave unrestricted scanning vision in the 
d i r e c t i o n of the ra ingage ne twork . The r a d a r 
s e t was equipped with an a u t o m a t i c r e c e i v e r -
s e n s i t i v i t y s tepping switch and t i m e r 1 . This 
a r r a n g e m e n t permit ted the r ece ive r sensit ivity 
to be reduced through a selected number of steps 
during one-minute in tervals . A 35-mm camera 
photographed the presentation on the PPI in syn-
chronization with the stepping switch arrangement. 
*Hereaf te r in this r epor t the AN/APS-15A will be r e f e r r ed 
to as an APS-15 or as a 3-cm rada r s e t . 
1Rainfal l -Radar Studies of 1951, Ill. State Water Survey 
Repor t of Investigation No. 19, May 1953, or Resea rch R e -
por t No. 1, Under Contract No. DA-36-039 SC-42446, U .S . 
A r m y Signal Corps, 1953. 
FIG. 1. ILLINOIS STATE WATER SURVEY METEOR-
OLOGIC LABORATORY BUILDING AND RADAR ANTENNA 
TOWER. UNIVERSITY OF ILLINOIS AIRPORT. 
Radar Operation 
During the summer and fall of 1952, the APS-
15 radar set was operated on a 24-hour schedule 
whenever rainfall was within the range of the radar 
se t . Maximum range of the se t was about 150 
mi les . Whenever precipitat ion echoes occurred 
over any part of the raingage network, the radar 
set was operated on 30-mile range to obtain de -
ta i led ra in fa l l p a t t e r n s . Sufficient r e c e i v e r -
sensitivity steps were used to delineate the r a in -
fall c o r e s . Thus , as the p rec ip i t a t ion echoes 
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moved ac ros s the network, the camera automat-
ical ly r e c o r d e d their movemen t as well as the 
rainfal l intensi ty zones within the s t o r m a r e a . 
Raingage Network 
Since the problem requires measuring rainfall 
wi th r ada r , which makes its observations in the 
atmosphere, a raingage network was installed on 
the ground to obtain data for comparison with ra in-
fall measurements calculated from the radar data 
observed above the same a r e a . This raingage 
network was installed on the Goose Creek water -
shed which is wes t -nor thwes t of the r ada r set , 
and at a distance of 15 to 25 statute miles (Figure 
2). The network covers an area of approximately 
96 square statute mi les , and comprises a total of 
50 ra in gages , spaced at i n t e rva l s of about 1.5 
mi l e s along rad i i originating at the r ada r s i te . 
Each gage is a B e n d i x - F r i e z , Dual T r a v e r s e , 
Model 775-BS, recording raingage, and is equip-
ped with a 12.648-inch d iamete r collector and a 
s ix-hour char t d r ive . 
Raingage Network Operation 
Raingage char ts were replaced by new ones 
as soon as possible after the end of each rain. If 
another rain did not occur over the network within 
24 to 48 hours , a new set of char t s was often put 
on or the pen a rm adjusted to a different recording 
level. This procedure prevented a broad ink l ine 
which results from several revolutions of the s ix-
hour chart. If this line is allowed to form before 
r a i n begins or after rain ends, the beginning and 
ending of the rainfal l r eco rd is often obscured. 
Each raingage was serviced when the char ts 
were changed. All gages were calibrated at the 
beginning of operat ions in May and at in te rva l s 
dur ing the s u m m e r and fal l . 
Analysis of Data 
Preparation of Raingage Data. Total and one-
minute rainfall amounts were obtained from the 
recording raingage cumulative t races. One-minute 
a m o u n t s w e r e used in the p r e p a r a t i o n of one-
minute isohyetal maps . Average rainfal l over 
the network was computed from the total amounts 
for the 50 stations. 
Conversion of Radar F i lm Record into Quan-
ti tative Rainfall E s t i m a t e s . Each frame of the 
35-mm film record , portraying the a rea l d i s t r i -
bution of precipitation over the raingage network, 
was en la rged app rox ima te ly 50 d i a m e t e r s and 
projected onto a base map of the raingage network. 
Outlines of precipitation patterns for each receiver 
sens i t iv i ty in a given s e r i e s were t r aced on a 
single base map to obtain a one-minute isoecho 
contour map (Figure 3). These isoecho contours 
FIG. 2. TOPOGRAPHIC AND LOCATION RELATIONSHIPS OF THE RADAR STATION AND GOOSE CREEK NETWORK. 
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FIG. 3. COMPARATIVE RAINFALL MAPS. Rainfall in inches per hour for 1 Sep tember 1952. with sca le 
in s ta tu te m i l e s . 
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TABLE 1 
RADAR-RAINGAGE SUMMARY OF NINE STORM PERIODS OVER THE 
96 SQUARE-MILE GOOSE CREEK NETWORK, 1952 
w e r e e x p r e s s e d in t e r m s of ra infa l l intensity-
through use of the formula 
where Pr is power rece ived in wa t t s , R is the 
range in nautical miles of the precipitat ion echo 
from the radar set , P t is the power t ransmit ted 
in watts and I is rainfall intensity in inches per 
hour . This equation is an adaptation of an e m -
pirc ia l formula by Marshall , Langille, and P a l - . 
m e r 2 to the charac ter is t ics of the AN/APS-15A. 
The a rea enclosed by each rainfall intensity con­
tour was obtained by planimetering. 
It was a s sumed that the a r e a s enclosed by 
the isoecho contours for each minute were r e p r e ­
sentat ive sample rainfall a r e a s for one-minute 
pe r iods . The volume of rainfall r epresen ted by 
each one-minute isoecho contour map is equal to 
the sum of the products of the a reas between ad­
jacent isoecho lines and the "apparent" rainfall 
r a t e s multiplied by a time factor of one minute. 
Rainfal l r a t e s for adjacent i soecho l ines were 
determined by substituting the power values from 
the radar calibration data into the preceding for­
mula. An average rate between adjacent isoecho 
lines was used in the rainfall computations. Total 
s t o r m rainfall was then obtained by totaling the 
amounts for al l the one-minute isoecho m a p s . 
T h e s e total and one-minute r a d a r ra infa l l a-
mounts were correlated with corresponding values 
from the Goose Creek Raingage network. 
Tota l A r e a l - M e a n Rainfall C o m p a r i s o n s . 
A r e a l - m e a n r a in fa l l va lues computed for the 
Goose Creek network from r a d a r and raingage 
data are presented in Table 1. With the exception 
2Marshall, J. S., Langille, R. C., Palmer, W. Mek., 
"Measurement of Precipitation by Radar", J. Meteor. 4:186-
192, 1947. 
of the 14 October storm, all of the storms included 
in this table were of the thunderstorm type. Rain­
fall rates over the network on 14 October were less 
variable than for the other eight rainfall per iods. 
The low and maximum rainfall amounts recorded 
by any gage on the network are a lso included in 
Table 1 in order to give an est imate of the range 
in rainfall amounts over the network. 
The radar a rea l -mean values were all much 
smal ler than the corresponding raingage values. 
This r e s u l t is in con t r a s t to those r epor t ed in 
Research Report #1 under Contract No. DA-36-
039 SC-42446 with U . S . A r m y , Signal Corps 
Engineering Laboratories and in the Illinois State 
Water Survey Repor t of Investigation No. 19.1 
Recently, a mathemat ical e r r o r was discovered 
in the formula used for computing rainfall inten­
sity from radar r e tu rn power. Use of the co r ­
r e c t e d fo rmula r e su l t ed in r a d a r a r e a l - m e a n 
rainfall values which were of the order of magni­
tude of one-tenth of those computed with the p r e ­
viously used fo rmula . The r e s u l t s were ve ry 
s imi l a r when the formula was adjusted for the 
va Luc of 
r e p o r t e d by M a r s h a l l and P a l m e r 3 and to the 
value of 
reported by, Wexler , where R is rainfall inten­
sity, and                , N being the number of 
d rops of d i a m e t e r D in an in te rva l of d iamete r 
       . 
3Marshall, J. S. and Palmer, W. M., "The Distribution 
of Raindrops with Size", J. Meteor. 5:165-166, 1948. 
4Wexler, R., "Rain Intensities by Radar", J. Meteor. 
5:171-173, 1948. 
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FIG. 4. COMPARISON OF THE PRECIPITATION AREA ENCLOSED BY RECEIVER SENSITIVITY S T E P NO. 1 CONTOUR 
AND THE AREA ENCLOSED BY THE 0.06 IN. PER HOUR IOHYETAL. F o r 18 Sep tember 1952 s t o r m over Goose C r e e k r a i n -
gage ne twork . 
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Radar-Raingage Areal Comparisons. Although 
the areal-mean rainfall yalues reported in the last 
section were very low in comparison with the ra in-
gage amounts, there is still considerable evidence 
which indicates that favorable quantitative r a in -
fall values may be obtained from 3-cm radar data. 
Pa r t of this evidence can be illustrated by a com-
pa rison of isohyetal and isoecho maps of approxi-
mate ly the same time (Figure 3). One-minute 
isoecho maps , prepared from one se r i e s of r e -
ceiver-sensit ivi ty steps, were matched with one-
minute isohyetal maps with approximately a one-
minute time lag between the two maps. The time 
lag was necessary to allow the rain drops viewed 
by the radar to fall to the ground. Occasionally, a 
lag of two pr more minutes gave c loser pat tern 
compar i sons . In genera l , for the sample maps 
shown in Figure 3, isohyetal and isoecho patterns 
compared favorably, although the ra tes computed 
for the isoecho contours are much too low. Minor 
differences in the isoecho and isohyetal pat terns 
can be at tr ibuted to t ime var iat ions between the 
50 raingage clocks and the radar clock or e r r o r s 
of observation and interpretation of the data. 
Another way of illustrating the ability of radar 
to outline areas of rainfall rate is shown in Figure 
4. The broken line represen ts the a rea enclosed 
by the 0.06 in . /h r isohyetal, as prepared from the 
one-minute rainfall amounts recorded by the Goose 
Creek raingage network during the passage of a 
squall line in advance of a cold front on 18 Sep-
t ember 1952. The solid line is the a rea which 
was enclosed by the r ada r r ece ive r - sens i t i v i t y 
step No. 1 contour. A good correlat ion between 
the s tep 1 contour and the 0.06 i n . / h r isohyetal 
is evident. For this storm, a value of 0.06 in. / h r 
could be assigned to the step 1 contour with a fair 
degree of accuracy. The rate calculated with the 
radar rainfall equation was 0.03 in. / h r at a range 
of 2 1 miles (mean range of Goose Creek network 
from the radar site). 
Point rainfall ra tes during this s torm period 
were as high as 11 i n . / h r . The highest network 
average rainfall rate computed from the raingage 
one-minute amounts was 1.26 i n . / h r which oc-
curred at 14:26. The average rate over the net-
work for the 40-minute period from 14:22 to 14:32 
was approximately 1 in . / h r . Attenuation loss due 
to rainfall does not appear to have been ser ious . 
This is a typical case where attenuation loss was 
l imited to rainfall over the network, except for 
the last 15 minutes of the storm period when some 
rain echo was between the network and the radar 
s i te . 
In the case of 3-cm radar , attenuation due to 
in te rvening r a i n d r o p s may cause considerable 
differences between corresponding isoecho and 
i sohyeta l p a t t e r n s , e spec ia l ly on the back side 
of a s t o r m . Differences due to ra indrop a t ten-
ua t ion should have been s m a l l for the s t o r m 
r e p r e s e n t e d in F i g u r e 3; s ince the echo a r e a s 
were s m a l l , ra infa l l r a t e s were re la t ive ly low 
and there was no precipitation between the network 
and the radar site. An example is shown in Figure 
5 where attenuation due to intervening raindrops 
apparent ly caused a difference between the PPI 
pa t te rns and the isohyetal pa t te rns . In this ex -
a m p l e , a cons ide rab le a r e a of r e l a t ive ly light 
rainfall was not detected by the radar . As indi-
cated by the isoecho map, the radar beam had to 
pass through a broad band of precipitation on the 
forward edge of the rainfall zone. 
Conclusion. Rainfall ra tes computed by using 
the formula 
were much less than surface rainfall r a t e s r e -
corded for the same t ime in t e rva l . However, 
results of precipitation area comparisons of radar 
and raingage network presentations from the Goose 
Creek network indicate that it should be possible 
to determine a re la t ionship between 3-cm radar 
data and surface rainfall from which more accurate 
surface rainfall est imates can be made. An anal-
ys i s has been s ta r ted to de te rmine and tes t the 
use fu lness of such an ana ly t i ca l r e l a t ionsh ip . 
FIG. 5. ONE-MINUTE RAINFALL MAPS. Rainfall in 
inches per hour during 18 September 1952 s t o r m . 
VARIANCE OF AREAL-MEAN STORM RAINFALL ESTIMATES 
FROM NETWORKS OF VARIOUS GAGE DENSITIES 
Introduction 
In exper imenta l es t imat ion of rainfall with 
radar ins t rumentat ion, it is neces sa ry to adopt 
some standard of rainfall measurement as a basis 
for judging the reliability of the radar es t imates . 
Radar observations of precipitat ion a r e made in 
the volume of the beam at an altitude above the 
ground. However, precipitation measu remen t s 
at ground level are of p r imary in teres t for most 
purposes. Before radar observations of rainfall 
amounts become practical a relationship to ground 
observations must be established. One possibility 
is to re la te radar rainfall es t imates for an a r ea 
to a network of raingages on that a rea . One way 
of e x p r e s s i n g the re l i ab i l i ty of r a d a r - r a i n f a l l 
e s t i m a t e s is in t e r m s of the accu racy obtained 
with raingage networks of various gage densit ies. 
During the 1952 thunders to rm season, the 
Water Survey operated an APS-15, 3-cm radar 
to obtain rainfall observat ions within the range 
of the equipment, especial ly for the 96 squa re -
mile Goose Creek hydrologic network (Figure 2). 
A sampl ing scheme and procedure for analysis 
of raingage data were set up to obtain a measure 
of the var iance of the e s t ima te s of a r e a l - m e a n 
s t o r m rainfall for var ious gage dens i t ies . The 
purpose of this study was to determine a measure 
of the deviation of estimates of areal mean rainfall 
obtained from different gage-dens i ty networks 
from the best estimate of the areal-mean rainfall, 
i . e . , the mean calculated from the total popu -
lation of gages used in the study. This measure 
of deviation for various gage densi t ies from the 
best es t imate of the true mean can be used as a 
standard for appraising the deviation of the radar 
a rea l -mean rainfall value from the best est imate 
of the true mean for the same storm. The inves-
tigation was limited to the development of relation-
ships in shower-type precipitat ion. 
Statist ical Treatment of the Prob lems 
The s ta t is t ical t rea tment of the problem in 
this s tudy was s i m i l a r to that used by L. H. 
Madow5 in a r e c e n t ra ingage dens i ty study in 
which the r a n d o m s t a r t s y s t e m a t i c sampl ing 
technique was used, and an equation of the form 
was fitted to the data . In this 
equation, is the true standard deviation of the 
mean of a random start systematic sample of size 
n about the best estimate of the population mean 
precipitation; n is the number of gages in a sample 
and A, B, and C are constants . 
5Madow, L. H., Estimation of Mean Rainfall with Various 
Gage Densities in a Dense Raingage Network, Unpublished 
manuscript, Illinois State Water Survey, Urbana, Illinois, 
1952. 
There a re two ra ther important differences 
between the Madow study and the one discussed 
in this section. Although the data for both studies 
came from two different networks of approximately 
the same size and topography, the Madow study 
was based on a total of 36 gages for one year and 
24 for two other years of data; whereas, the study 
repor ted he re was based on a total of 48 gages 
which were also more uniformily distributed over 
the network. Secondly, the raingage data in this 
study came from reco rd ing gages with 6-hour 
c locks , while the prev ious study was made on 
data f rom a gage network equipped with some 
recording gages with 7-day clocks and some stick 
g a g e s . The record ing gages with 6-hour chart 
drives made it possible to break the rainfall a s -
sociated with any synoptic situation into individual 
rains . The s torm period in the Madow study had 
to be, in general , a 24-hour period. 
Sampling Procedure. A random s tar t sys te -
mat ic sampl ing p rocedure was chosen for this 
study because it p rovides a plan for spreading 
the sample obse rva t ions over the network and 
at the same time p e r m i t s the use of data from 
all gages. A random sampling procedure allows 
the select ion of gages in each sample to be en-
tirely determined by chance. A. stratified random 
sampling plan provides a more consistently uni-
form sp read of gages in each sample than that 
obtained by a purely random plan, but it allows 
the selection of gages to be determined more by 
chance than does the random s t a r t p rocedure . 
Sampling plans which involve the se lec t ion of 
centrally located gages in contiguous a reas would 
have r e q u i r e d the o m i s s i o n of a cons iderab le 
number of observations from this study. 
Secondly, rainfall observations in gage net-
works would not be obtained at random locations. 
Some plan for distributing gages in approximately 
a uniform manner would be used. 
Madow5 has pointed out that the purely random 
sampl ing va r i ance is g r e a t e r than the random 
start systematic variance for samples of the same 
size. Consequently, the radar would be given an 
unnecessa ry advantage if the accuracy of radar 
rainfall es t imates were appraised by comparing 
them with random sampling e r r o r s . This is be -
cause the random star t systematic sampling tech-
nique provides a more consistently uniform d i s -
tr ibution of the observa t ions over the network. 
In view of the above r e a s o n s , the random s ta r t 
s y s t e m a t i c sampl ing p rocedu re seemed like a 
sat isfactory choice of sampling design. 
Although there were 50 gages on the Goose 
Creek network, only 48 were used in this study. 
Records from two of the gages were omitted to 
have a l a rger number of pr ime factors which is 
convenient for subsampling. Gages number 24 
and 36 (Figure 2) were omit ted. 
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FIG. 6. GROUPS OF GAGES FROM WHICH 3 RAN-
DOM START SYSTEMATIC SAMPLES OF 16 GAGES WERE 
SELECTED. 
In order to est imate the random s tar t sys te -
mat ic sampling va r i ance , the possible samples 
(select ion of r a in gages) of var ious size had to 
be defined. Samples of s ize n = 2, 3, 4, 6, 8, 
1Z, 16, and 24 gages were selected as illustrated 
in the following examples. Where n = 16, the 48 
gages were divided into 16 groups of 3 gages (Fig-
ure 6). Division of the 48 gages into the 16 groups 
was done in a manner that provided as uniform a 
spread of the groups of 3 gages over the area as 
poss ible . According to the random s t a r t sys t e -
mat ic sampling technique, a start ing position is 
selected in one group of gages. One gage in ap -
prox imate ly the same location is automatical ly 
designated in each of the other groups to complete 
the observations in each sample. Thus, there are 
three possible samples of size n = 16 which a re 
t rea ted as having equal probabi l i ty of being an 
actual sample of 16 gages from the network. Sam-
ple s izes of 4, 6, 8, 12, and 24 were designated 
in a s imi la r manner . A slight var ia t ion in this 
procedure was introduced for samples of size 2 
and 3. F o r s a m p l e s of s ize 2, for example , 
instead of pairing gages 6 and 31, 5 and 30 ( F i g -
ure 7), gages 6 and 26, 5 and 27, etc. were paired 
in o r d e r to p r e v e n t these s m a l l s a m p l e s from 
being extremely biased to one side of the network. 
Data Used. Data for this study consisted of 
the rainfall records from 48 gages for 16 s torms 
which occurred on the Goose Creek network during 
the months of July, August, and September 1952. 
In the place of missing values, est imates from an 
i s o h y e t a l m a p w e r e used . All but two of the 
storms were associated with cold fronts and squall 
l ines . Two s t o r m s on 16 July were associated 
with a w a r m front. The range in mean rainfall 
o v e r the n e t w o r k was f rom 0.01 inch to 1.35 
inches . S to rms with l e s s than 0.01 inch were 
e l iminated , since some of the gage record ings 
were too smal l to read with any degree of accu-
racy . 
For this study, the total rainfall associated 
with any synoptic situation was divided into indi-
v idua l s t o r m t o t a l s . A stop in r a in fa l l of 30 
minutes or longer over the network was used as 
a standard for dividing the total rainfall into indi-
vidual s torm totals. This definition of the event 
to be s tudied was chosen so as to co r r e spond 
c l o s e l y with the s t o r m event that would be of 
m o s t i n t e r e s t for c o m p a r i s o n with the r a d a r 
r e c o r d . 
Analytical Procedure . The main problem in 
the analysis of the data was the est imation of the 
t r ue v a r i a n c e , , of the e s t i m a t e d ave rage 
precipitation, about the true average prec ip i -
tation, P, for the network area of 96 square miles. 
An est imate of leads to an expected measure 
of the e r r o r involved in sampling with each dif-
ferent gage density. This e r r o r is the quantity 
which is used to judge the magnitude of the devi-
ation between the a r e a l - m e a n rainfall computed 
from radar data and that computed from the 48 
gage r eco rd ings . 
Discussions in s tat is t ical papers have shown 
that a var iance can be broken-down into various 
components. The components of variance in this 
study may be designated as : , sampling v a r i -
ance; variance of the mean of 48 gages about 
the true mean; and , variance which is due 
to e r r o r s of observat ion. If it is a s sumed that 
and a re independent, then 
FIG. 7. TWO GROUPS OF GAGES FROM WHICH 24 
RANDOM START SYSTEMATIC SAMPLES OF 2 GAGES WERE 
SELECTED. 
not be est imated because the true network mean 
was unknown. Consequently, tad to be ignored 
in the computations and the bes t available e s t i -
mate , , of the true mean, P, had to be 
used in the computations. The quantity pj is the 
total rainfall recorded at the jth gage. Therefore, 
with taken to be ze ro , es t imat ion of was 
accompl i shed by computing a be s t e s t ima te of 
for samples of size n = 2, 3, 4, 6, 8, 12, 
16, and 24. This computation consisted mainly 
of two steps. The first step was the determination 
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of a group of quantities which were designated as 
The values represent the r a n d o m s t a r t 
systematic sampling variance of about Each 
. is then a sample es t imate of the population 
parameter, , for a particular sample of size n. 
In order to obtain a measure of the sampling 
variat ion in t e r m s of the unit in which the r a i n -
fall data were measured, i. e . , inches instead of 
( inches ) 2 , the s tandard e r r o r , of the e s t i -
m a t e s , about was obtained by taking the 
square root of . The standard e r r o r is given 
by the expression 
where k = the number of possible samples of size 
n. The values are tabulated in Table 2. 
TABLE 2 
OBSERVED STANDARD ERROR OF THE ESTIMATES OF MEAN RAINFALL FOR 
RANDOM START SYSTEMATIC SAMPLES BASED UPON VARIOUS NUMBERS OF 
RAINGAGES FOR 16 STORMS OVER GOOSE CREEK NETWORK DURING 
JULY, AUGUST, AND SEPTEMBER 1952 
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The second step in determining an es t imate 
of s ampl ing v a r i a t i o n involved the fitting of a 
r e g r e s s i o n sys tem to the va lues . The r e -
gression lines provide values which are designated 
as the best est imates , , of the standard e r r o r 
of about A d i scuss ion of the r e g r e s s i o n 
s y s t e m follows. 
It may be observed in Table 2 that the standard 
e r ro r of the estimates appear to increase in gen-
eral as increases, although there is considerable 
fluctuation in this upward t rend. Undoubtedly, 
there a re many other factors which contribute to 
the var iab i l i ty of the values f rom s t o r m to 
s t o r m such a s : (1) the me teo ro log ica l factors 
causing the s torm, (2) location of the s torm core 
with r e s p e c t to the cen te r of the ne twork , (3) 
dura t ion of the s t o r m , and (4) ra te of ra infal l . 
H o w e v e r , it is difficult to e x p r e s s (1) and (2) 
quanti tat ively and is a function of (3) and (4). 
Also, it may be noted from Table 2 that the 
values tend to increase as the number of obse r -
vations in the sample dec rea se . It seemed r e a -
sonable to assume that is a function of and 
n and attempt to relate these factors by an equation 
of the form 
where A, B, and C a re cons tan t s . It was also 
a s sumed that log was dis t r ibuted about log 
so that the va r i ance of the r andom er ror 
in the values for n in a l l c a se s was equal. 
This assumption was made so that the least squares 
method of curve fitting could be used without a 
complicated and time consuming system of weight-
ing the va lues because they were based on 
different k. 
For convenience in computation, the above 
expression for may be reduced to the linear 
form by taking the log of both s ides and subs t i -
tuting a = log A. Thus, log 
log n. The best estimate of log was obtained 
by determining a, B, and C by minimizing, 
which is the sum of squares of deviat ion of ob-
served log from expected log , where n 
refers to the number of observations in the sample 
and m refers to the number of s t o r m s . Values 
for the constants A, B, and C as determined by 
the method of least squares were 0.2774, 0 .531, 
and - 0 . 8 2 4 , r e spec t ive ly . When these values 
TABLE 3 
ANALYSIS OF VARIANCE 
where and a r e in inches of ra infa l l . By 
substi tut ing values for and n in this equation 
and solving for , a set of points was d e t e r -
mined for prepar ing the curves shown in Figure 
8. These cu rves indicate the re la t ionsh ip b e -
tween n, and ; where is the best e s t i -
m a t e of the t rue s t anda rd e r r o r of 
a b o u t that can be d e t e r m i n e d by the least 
squares technique of fitting to the data. 
A measure of the usefulness of the regress ion 
system for predicting was obtained by computing 
the correlation between the observed values 
and the corresponding values which are predicted 
by the curves. This correlation index was +0.88. 
It indicates a relat ively high degree of re la t ion-
ship between observed and predicted. However, 
an examinat ion of the s ca t t e r of observed 
values about the regress ion system indicated that 
a considerable amount of the total variance of the 
a r e substituted in the express ion for , the 
equation becomes 
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values remained unexplained. A summary 
of the explained and unexplained variance is p r e -
sented in Table 3. The mean squares in the third 
column were obtained by dividing the sum squares 
by their degrees of freedom. The variance ratio, 
obtained by comparing .052 with. .0004, is con-
siderably la rger than that necessa ry for signifi-
cance at the 99 per cent level . This indicates 
that a significant amount of the variance was ex-
plained by the regress ion system. However, the 
deviations between observed and expected values 
of s are still large enough to produce a relatively 
large unexplained sum of squares as shown in the 
last line of Table 3. 
FIG. 8. VARIATION OF WITH FOR SEVERAL SAMPLES OF SIZE n, FOR 16 STORMS OVER GOOSE CREEK 
NETWORK, 1952. 
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There a re two possible explanations for the 
magnitude of the unexplained variation. Although 
the r e l a t i o n s h i p of the s t anda rd e r r o r s of the 
e s t ima tes to and n is very definite, there a re 
undoubtedly factors in addition to and n which 
contr ibute to the var iance of the e s t ima te s . A 
better fitting regression system might be obtained 
by including additional factors in the formula for 
estimating However, a relat ionship of 
to and n is the mos t convenient and useful for 
testing the re l iabi l i ty of the r ada r rainfall e s t i -
m a t e s . Secondly, the method of leas t squares 
m a y not be an adequate technique for fitting a 
r e g r e s s i o n sys tem to the observed data in this 
p r o b l e m . The observed va lues a r e based 
on d i f fe ren t n u m b e r s of d e g r e e s of f reedom. 
Consequently, the assumption that the e r r o r s in 
the va lues a r e h o m o s c e d a s t i c , i . e . , the 
a s s u m p t i o n that log v a r i e s about log 
i ndependen t of the va lues of and n, may be 
i n c o r r e c t . A be t t e r fitting r e g r e s s i o n sys t em 
could probably be obtained espec ia l ly with r e -
spect to n by the method of maximum likelihood 
if the values of A, B, and C found by least squares 
were taken as first approximations to be used in 
another method based upon the principle of maxi -
mum likelihood, and a new set of constants com-
puted. The least squares method is a special case 
of the maximum likelihood principle. The maxi-
mum likelihood principle can be applied in such a 
way that the proper weighting factors for the 
values a r e introduced to account for each being 
based on a different k. 
The random start systematic sampling scheme 
does not produce a regress ion line for n = 1. It 
is at the point where n = 1 that the random s ta r t 
sy s t ema t i c manner of dividing the network into 
groups of contiguous gages becomes the same as 
selecting one observation at random. Variance 
of these e s t i m a t e s would be equivalent to the 
pure ly random sampl ing var iance for samples 
of size n = 1. There is a l so a tendency for the 
r andom s t a r t sy s t ema t i c sampl ing var iance to 
approach a random sampling var iance for other 
smal l samples , because the spread of obse rva-
tions in each sample becomes less uniform over 
the a rea as n d e c r e a s e s . 
The e r r o r curve (Figure 8) for samples of 
size 1 was determined from the standard devia-
tions of random samples of s ize 1. This curve 
was based on the same s to rm data as were used 
in the random s t a r t sys temat ic study. The r e -
sulting equation was 
where is the best estimate of standard deviation 
of sample of size 1 and is the mean storm ra in-
fall based on 48 gages. The units of and are 
inches of rainfall. 
As was p rev ious ly ment ioned the random 
s a m p l i n g e r r o r curve for n = 1 may indicate 
e r r o r s which a r e somewhat l a rge r than should 
be used in determining the accuracy of the radar 
r a i n f a l l e s t i m a t e s . Consequent ly , i t may be 
reasoned that the radar es t imates would be given 
an unnecessa ry advantage. The reason is that: 
using one gage in an area for obtaining es t imates 
of rainfall it would logically be placed relat ively 
c lo se to the cen te r of the a r e a ins tead of at a 
random location. A centrally located gage would 
r e s u l t in sampling e r r o r s which would be l ess 
than those from a randomly located gage. The 
same agrument may be advanced for the random 
star t systematic sampling e r r o r curves for s a m -
ples of size 2, 3, 4, and possibly 6 and 8 gages, 
s ince the tendency for the sampling var iance of 
the r andom s t a r t s y s t e m a t i c s amp le s tends to 
approach the random sampling variance as n d e -
c r e a s e s . Again i t is logical to obtain rainfal l 
e s t i m a t e s from gages placed near the center of 
the a reas they a re sampling, i . e . , approximately 
on a grid pat tern. Since the contracting agency 
has recent ly expressed an i n t e r e s t in centra l ly 
located samples , analysis is being performed to 
de te rmine whether a be t te r set of e r r o r curves 
can be obtained for appraising the radar est imates, 
especial ly for the small sample s i zes . 
Confidence L i m i t s for the Ne twork-Mean 
Storm Rainfall from 48 Gages . An es t imate of 
the mean storm rainfall, P, becomes more mean-
ingful when some measure is made of the possible 
e r ro r in the estimate. It is , therefore, of interest 
to determine some interval about with some 
measu re of confidence that is in that interval . 
The 95 per cent confidence interval is customarily 
chosen . 
If the gage readings for a s torm were normal-
ly distributed about and a random sample of n 
g a g e s had been used to obtain , a quanti ty 
could be determined which has the 
t-distribution with n-1 degrees of freedom, where 
sn is the standard deviation of the gage readings 
used in computing F r o m this formula for t, 
it is possible to find a number , say , such 
that the probabili ty It is 
then possible to convert the inequalities and obtain 
the probability 
the l i m i t s of which can be de t e rmined for any 
s a m p l e to obtain a 95 p e r cent confidence 
in te rva l for . However, sys t ema t i c sampling 
was used instead of random sampling for samples 
of s ize 2 and g rea t e r . Systemat ic samples a re 
expected, in general , to yield values of which 
a r e c l o s e r to than a r andom sample of the 
same size. 
As an approximation, it was assumed that the 
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had a t -dis t r ibut ioh with 13 degrees of freedom 
The 13 d e g r e e s of f reedom were based on the 
fact that 16 s to rms were used in computing 
and that 1 degree of freedom was used in com-
puting each of the 3 cons t an t s , A, B, and C. 
The r e a s o n a b l e n e s s of this approximat ion was 
tes ted by counting the percentage of values 
which w e r e included between and 
, where for 13 degrees of f ree-
dom is 2.160. This percentage would be 95 per 
cent if the assumption were correc t . The actual 
count showed 93 .5 per cent inside 
and 6.5 per cent outside this interval. The num-
ber of values which were inside and outside 
the confidence limits are tabulated for each storm 
and sample size in Table 4. In order to obtain 
confidence l imits for samples of size 1, it was 
as sumed that had a t -d i s t r ibu t ion with 
14 degrees of freedom. The 14 degrees of f r ee -
dom were based on the fact that 16 s t o r m s were 
used in computing and that 2 deg ree s of 
freedom were used in computing the coefficient 
and the exponent of P. This a s sumpt ion was 
checked by counting the percentage of pj values 
which were included between and 
, where for 14 degrees of f ree-
dom is 2.145. The actual count was 95.3 per cent 
inside and 4.7 per cent outside this 
interval . 
TABLE 4 
NUMBER OF SAMPLE MEAN PRECIPITATION VALUES WHICH WERE INSIDE AND OUTSIDE. 
THE 95 PERCENT CONFIDENCE LIMITS FOR 16 STORMS OVER GOOSE CREEK NETWORK 
DURING JULY, AUGUST AND SEPTEMBER 1952 
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FIG. 9. CONFIDENCE BANDS FOR MEAN RAINFALL BASED ON ESTIMATED MEAN RAINFALL FOR SAMPLES OF 
SIZE n, GOOSE CREEK NETWORK, 1952. 
Confidence bands a re presented in Figure 9 
for for s a m p l e s of size 1 and for 
for samples of size 2, 3, 4, 6, 8, 12, 
16, and 24. The use of this char t may be i l lu-
s t r a t e d by an e x a m p l e . If an value of 1.00 
inch of rainfall was obtained from a random s tar t 
s y s t e m a t i c sample of 8 gages , the confidence 
p robab i l i ty is . 9 5 that is between 0.89 inch 
and 1.11 inches. The same result can be obtained 
from Figure 8 by determining the interval 1.00 ± 
the product of (2.160) ( .05) , where . 0 5 equals 
for 1.00 inch of rainfall and n = 8. Figure 
9 is a convenience since upper and lower l imits 
of the confidence band for can be read direct ly 
and without calculat ions. 
It should be noted that the confidence bands 
a r e for ins tead of P. Confidence l imi t s for 
P should be slightly larger than those for since 
an estimate of the standard e r r o r of about 
P was not included in However, could 
not be es t imated since P was not known; t he re -
fo r e , the confidence l imi t s for a r e the bes t 
es t imates available for confidence l imits for P. 
SAMPLING TIME-INTERVAL STUDY 
Introduction 
In the p resen t sys tem of ana lys i s , an e s t i -
ma te of a r e a l - m e a n rainfal l is obtained from a 
continuous s e r i e s of r a d a r observat ions during 
a s to rm per iod. Because this method is t ime-
consuming, i t migh t be des i r ab le to el iminate 
some of the data, providing appreciable accuracy 
is not sacrificed. For example, work in compi-
lation can be reduced by 20 per cent by eliminating 
every other minute of the data. 
In designing an a r e a rainfall in tegra tor , it 
is pertinent to know how much data can be e l imi -
nated or omitted without reducing the accuracy 
of the r e s u l t s . Since a large amount of data is 
involved in a r e a in t eg ra t ion , an apprec iab le 
amount of time for printing by recording devices 
is r e q u i r e d . If it is feas ib le to sample on an 
interval bas is , the printing problem can be s im-
plified. An area integrator developed at Massa-
chusetts Institute of Technology records measure-
ments at the same point every 15 or 30 minutes. 
A t ime- in te rva l sampling study was under-
taken to obtain an est imate of the e r r o r involved 
in measuring a r e a l - m e a n s torm rainfall when a 
portion of the data is omitted at regular intervals. 
A discussion of the methods used and the resul ts 
obtained is presented in this section. 
Data Used 
The problem is how to obtain a quantitative 
e s t i m a t e of the e r r o r involved in m e a n - a r e a l 
s to rm rainfall determinat ions from rainfall data 
recorded at different in tervals during a s to rm. 
Quantitative r a d a r - r a i n f a l l e s t ima te s of mean -
a rea l s torm rainfall a r e obtained from data r e c -
ords from successive s e r i e s of rece iver -sens i -
t ivi ty s e t t i n g s . Each s e r i e s r e q u i r e s a time 
interval of one minute or l e s s , depending on the 
number of sensitivity settings required to reduce 
the p r e c i p i t a t i o n echo r e t u r n to l ess than the 
threshold of minimum sensitivity. If it is assumed, 
as in the sect ion on quanti tat ive r ada r - r a in fa l l 
measu remen t s , that each ser ies of data is a r ep -
resen ta t ive sample for a one-minute in terval , 
then the m e a n - a r e a l rainfall computed for each 
minute is a represen ta t ive sample mean for the 
same interval of time'. In this study, the s a m -
pling unit is defined as a one-minute a rea l -mean 
rainfall accumulation. The number of sampling 
units in the population to be sampled depends upon 
the duration of the s t o r m . A s to rm or rainfall 
event in this study is defined as the rainfall a c -
cumulation occurring between beginning and ending 
of rainfall over the Goose Creek network. As in 
the raingage density study, the rainfall associated 
with any synoptic situation was divided into indi-
vidual s t o r m s , and ce s sa t i on in rainfal l of 30 
m i n u t e s or longer was used as a s tandard for 
determining individual s torm events . 
Although the discussion thus far has been 
concerned with radar data, it should be noted at 
this point that raingage data instead of radar data 
were used in the computations which follow. One-
minute, network-mean rainfall amounts computed 
from raingage data were used as sampling units 
instead of means from radar data for the following 
reasons: (1) During the 1952 thunderstorm sea-
son, mechanical and operational difficulties, in 
addition to a very dry season, prevented the col-
lecting of a complete storm record by radar of a 
sufficient number of storms for this study. (2) 
Radar data is subject to attenuation whereas this 
factor can be eliminated by using raingage data. 
(3) The results from a study of this type should 
have application to radar sets in general . (4) 
One-minute network-mean rainfall amounts are 
good samples of what is desired from radar ob-
servations. 
The sampling unit of data used in this study 
was the mean rainfall accumulation, on the 
Goose Creek network during each one-minute 
interval of a storm where 
Each a i is a one-minute accumulation at the ith 
gage. The number 50 denotes the total number 
of gages on the network. The l e t t e r s M and R 
denote the number of gage r eco rds miss ing and 
the number of observations that could not be d e -
termined for a par t icular minute because of the 
character of the t race , respectively. Thus, for 
a s torm of T minutes duration, there were 
The sum of the for T minutes is equal to the 
ne twork-mean s to rm rainfall , which r e p r e -
sents the best estimate of the true network-mean 
rainfall. In succeeding discussion pt will be used 
to denote estimate of based on t minutes of data. 
Statist ical Formulat ion of the P rob lem 
The main problem in the analysis of the data 
is to obtain an estimate of the true variance, , 
of the es t imates of mean network rainfall, based 
on subsamples from a total of t As was the 
case in the raingage density study, the true v a r i -
ance can be broken down into three components 
of v a r i a n c e : , which is due to sampling; 
, which is due to the var iance of about 
the true population mean, P, and , which 
includes al l the e r r o r s of observation. Neither 
or can be estimated from the data. It 
s e e m s a plausible assumpt ion to accept , 
since it is undoubtedly small in comparison with 
The value of cannot be e s t ima ted 
since the true mean rainfall is not known. Con-
sequent ly , the p rob lem of es t imat ing b e -
c o m e s one of computing an es t ima te of , 
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where the computation will actually yield an e s t i -
mate of . In other words , the computation 
involved in estimating is that of determining 
the sampling variance which is the best e s t i -
mate of . It should be noted then that 
does not include an estimate of . This means 
that may be an underest imate of 
Sampling Scheme 
A s y s t e m a t i c t ime sampl ing s cheme was 
devised for obtaining est imates of the mean p r e -
cipitat ion, , over the raingage network. The 
sampl ing in t e rva l s which were chosen for this 
study were for every 2nd, 4th, 6th, 10th, 15th, 
20 th and 25th minute . For a sampling in terval 
of 4 minutes , for example, there are four s a m -
ples of a ' s as shown in Table 5, beginning at 1, 
2, 3, and 4 minutes after the s t a r t of a s t o r m . 
The sums of the in each sample were obtained 
and multiplied by a factor of t = 4, since each of 
these sums included only one-fourth of the s t o r m 
rainfal l . This method produced four e s t ima tes 
of the mean precip i ta t ion over the ne t -
work. The number of minutes in the time in t e r -
val is equal to the number of different samples 
obtained, and is equal to the number which, when 
multiplied by the sums of sample , give the 
In the example given above, t was divisible 
by the sampling interval. This circumstance did 
not always occur in the sampling procedure. When 
T was not divisible by the sampling interval, some 
of the rainfall es t imates for any given sampling 
interval contained one or more minute observa-
tions which equalled z e r o . This c i r cums tance 
in t roduced var iab i l i ty among the rainfal l e s t i -
m a t e s . However, it is a source of e r r o r which 
would be p re sen t in rainfall e s t ima te s obtained 
by sampling with radar at an in terval . 
Determination of the Best Estimate of the Standard 
Error of Estimates of Network-Mean Storm Rain-
fall from Samples of Different Size 
Calculation of Standard E r r o r of Es t imates 
of Network-Mean Rainfall from Sample Obser -
vations Taken at Selected Intervals . The quant-
ity, r e p r e s e n t s the s tandard e r r o r of the 
values about for a given sampling interval. 
As explained in the next section, the values 
are used in obtaining . where is the best 
es t imate of . Determining instead of 
provides a measure of variation in the origi-
nal units of m e a s u r e m e n t , inches of rainfall . 
The values for all samples for each of the 
seven time intervals were calculated. The stand-
ard e r r o r of these es t imates about was de te r -
mined by using the expression: 
where is the jth est imate of for a part icular 
interval, and k is the number of values for each 
interval. The values are tabulated in Table 6. 
Analytical Relationship of Standard E r r o r of 
Estimates of Network-Mean Storm Rainfall to the 
Sampling Interval and the Storm Size. An ana-
lytical re la t ionship of the s tandard e r r o r of the 
es t imates to the sampling interval was des i red . 
An e x a m i n a t i o n of t h e v a l u e s in Table 6 
indicates that, in genera l , the e r r o r i nc reases 
as the sampling interval inc reases . Undoubtedly 
there a re severa l other factors which contribute 
considerably to the var iance of t h e v a l u e s . 
It is felt that s to rm c h a r a c t e r i s t i c s such as the 
average r a t e of ra infal l , dura t ion , and amount 
TABLE 5 
AN EXAMPLE OF THE SYSTEMATIC SAMPLES FOR A 
SAMPLING INTERVAL OF FOUR MINUTES 
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TABLE 6 
STANDARD ERROR OF THE ESTIMATES OF MEAN-AREAL STORM 
RAINFALL FOR SYSTEMATIC SAMPLES OF SEVEN DIFFERENT 
TIME INTERVALS FOR EIGHT STORMS OVER GOOSE CREEK NETWORK 
DURING JULY, AUGUST, AND SEPTEMBER 1952 
of rainfall are contributing factors in determining 
the variance of the e r r o r s of es t imates . 
Also, the variance of rainfall rate during the 
s to rm period is expected to contribute consider-
ably to the var iance of the e s t i m a t e s . In other 
w o r d s , i t should be poss ib le to obtain g r e a t e r 
a c c u r a c y with a given sampl ing in te rva l for a 
r e l a t i v e l y s teady ra infal l r a t e dur ing a s t o r m 
than for a more variable r a t e . 
A sa t i s fac to ry quantitative m e a s u r e of the 
rate variance with time over the raingage network 
is r a t h e r difficult to de te rmine . Although this 
factor is expected to influence the e r r o r of the 
es t imates , it was felt that it would be less useful 
in an analytical expression than a factor to r e p r e -
sent the storm size. Mean-areal s torm rainfall, 
is a factor which r e p r e s e n t s s to rm size and 
is a lso a function of s torm duration and average 
r a in f a l l r a t e . An examina t ion of the data in 
Table 6 ind ica tes that , in g e n e r a l , the l a rge r 
va lues a r e a s s o c i a t e d with the l a r g e r 
v a l u e s . 
In o r d e r to d e t e r m i n e an equation which 
would e x p r e s s the r e l a t i o n s h i p of to the 
sampl ing in te rva l , I , and m e a n rainfal l , i t 
was decided to test the goodness-of-fit of an equa-
tion of the following form to the data. 
FIG. 10. VARIATION OF WITH FOR SEVERAL SAMPLING INTERVALS, GOOSE CREEK RAINGAGE NETWORK, 1952. 
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FIG. 11. CONFIDENCE BANDS FOR MEAN RAINFALL BASED ON ESTIMATES OF MEAN RAINFALL FOR SEVERAL 
SAMPLING INTERVALS, GOOSE CREEK RAINGAGE NETWORK, 1952. 
The least squares method was used to determine 
the constants K, L, and M. The resulting equa-
tion is 
where and a r e in inches of rainfall and 
I is in m inu t e s . The quanti ty r e p r e s e n t s 
was 0 .87 . A graph of the re la t ionship of 
to and I is shown in Figure 10. 
Confidence Bands for Network Mean Rainfall 
Confidence l imi t s for were prepared for 
the 95 per cent level. As in the raingage density 
study, an approximation was assumed for t. The 
quantity was assumed to have a t-
d i s t r i b u t i o n with 5 d e g r e e s of f r eedom. The 
number of degrees of freedom in this study was 
based on 8 s t o r m s . One degree of freedom was 
used in comput ing each of the 3 cons tan ts K, 
L, and M. The reasonableness of this a s s u m p -
tion w a s tes ted by d e t e r m i n i n g the propor t ion 
of values which were actually within the l imits 
of . When the value of 2.571 is sub-
values within these limits was 94. The percentage 
would have been 95 if the assumption was correct . 
The confidence bands , a re p r e -
sented in Figure 11. The use of this char t can 
be explained by an example. If it is assumed that 
an accu racy of ±10 per cent is des i red , an indi-
cation of the largest sampling interval that can be 
used, and st i l l a t ta in this accuracy , can be ob-
tained from the chart. For an areal -mean rainfall 
of 0 .25 inch, the char t indicates that 6 minutes 
is the longest interval that can be used and st i l l 
obtain an estimate within the range of 0.25 ±0.025. 
RAINFALL RATE FREQUENCY STUDY 
Introduction 
Quantitative rainfall es t imates a re computed 
from repeated ser ies of systematic radar sample 
observations of the rainfal l-rate distribution over 
an area during a period of rainfall. Each sample 
of the r a i n f a l l - r a t e d i s t r ibu t ion is obtained by 
vary ing the r e c e i v e r sens i t iv i ty in a s tepwise 
fashion. A sample , as it is defined h e r e , is an 
i soecho contour map such as those shown in 
F i g u r e 3 . 
When sampling for quantitative rainfall e s t i -
mates with a limited number of sensitivity steps 
(observations in the sample) , the mos t rel iable 
sample should be obtained by selecting the obser-
vations in a way so that the g rea t e s t number of 
observations a re selected from those ra tes which 
contribute the greatest amount of the total water. 
The best sample can be obtained by using smaller 
i nc remen t s of ra te between sensi t ivi ty s teps in 
the range of rates that produce the greatest amount 
of water. 
This study was undertaken to determine an 
est imate of the amount of rainfall contributed by 
different rainfall ra tes during thunderstorm ra in-
fall. The resulting information will be helpful in 
determining the best rainfall-rate setting for each 
step on a receiver-sensitivity stepping switch used 
in quantitative rainfall measu remen t s . 
Data Used 
One-minute rainfall amounts for eight 1952 
and two 1951 thunderstorms over the Goose Creek 
ra ingage network made up the basic da ta . The 
definition of a s torm was the same as in the p r e -
vious sections. The one-minute rainfall amounts 
were determined for the duration of each s to rm 
at 33 raingage locations for the two 1951 s to rms 
and at 50 ra ingage locat ions for the eight 1952 
s t o r m s . A total of 5130 one-minute raingage 
a m o u n t s f rom the 1952 s t o r m s and 1579 one-
minute amounts from the 1951 s to rms were in-
cluded in the study. 
The one -minu te amoun t s were t rea ted as 
rainfal l r a t e s since they are close app rox ima-
t ions to r a t e s . Rainfal l amounts p e r minute 
ranged f rom 0.001 inch to 0.230 inch or 0.06 
inch per hour to 13.8 inches per hour. 
FIG. 12. PERCENT OF TOTAL FREQUENCY CONTRIBUTED BY VARIOUS RAINFALL RATES. 
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Procedure and Discussion 
Rainfall Rate Frequency. The frequency of 
each ra te during each of the ten s to rms was d e -
te rmined by counting the number of t imes each 
rate occurred at all the gages. Storm rate f r e -
quencies for each rate were totaled and each ra te 
total exp res sed as a per cent of the total of all 
r a t e s . The various ra tes and their percentages 
are presented in Figure 12. It is evident that the 
low rainfall rates occur more frequently than high 
r a t e s . However , the f requency of occu r r ence 
of each ra te is not the end product in the study. 
The p ropo r t i on of the total ra infa l l which was 
contr ibuted by the different r a t e s is more i m -
po r t an t h e r e . This a s p e c t i s d i s cus sed in the 
following p a r a g r a p h s . 
P e r cent of Water Sampled V e r s u s Rate . 
Since each ra te is a one -minu te accumula t ion 
of rainfall at a point (raingage location), the pe r -
centage of the total water collected in all gages 
which was contributed by each rate was determined 
as fol lows: (1) All the accumula t ions for each 
rate for all gages was obtained. These sums a r e 
equal to the amount of the network water sample 
contributed by each rate during a s torm, (2) Each 
rate total was then expressed as a percentage of 
the total water collected, that i s , sampled during 
a s torm. 
The per cent of accumulative water collected 
was plotted against rainfall rate. Figures 13 and 
14 show examples which i l lustrate the range and 
differences in the appearance of the s torm curves 
used in this study. These curves were prepared 
by d r aw in g free hand l ines through n u m e r o u s 
points with very little sca t te r . 
Raingage records a re shown in F igures 15, 
16, and 17 for the purpose of illustrating the type 
of point rainfall characteristics which are included 
in the curves of accumulative water sampled v e r -
sus ra infa l l r a t e . The raingage r eco rd for 20 
August 1952, F igu re 16, has a shor t period of 
r e l a t i v e l y high r a t e s and a long per iod of low 
r a t e s . Ra infa l l which o c c u r s in this m a n n e r 
will produce a curve near the left hand ex t reme 
of F i g u r e 13; w h e r e a s , the ra infa l l r e c o r d of 
the 18 (B) S e p t e m b e r s t o r m , F i g u r e 6, is 
typical of the point rainfal l r eco rds which p r o -
duced the cu rve on the e x t r e m e r ight of F i g -
ure 14. The third raingage record , Figure 17, 
is typ ica l of those which a r e included in the 
curve for 9 July 1951 in F igu re 14. 
All of the rate frequencies for each rate d u r -
ing the eight 1952 s t o r m s were totaled by r a t e s 
and converted to the percentage of the total water 
which each ra te contr ibuted. F r o m these p e r -
centages , a curve re la t ing per cent of total a c -
F1G. 13. RELATION BETWEEN RAINFALL RATE AND P E R C E N T OF TOTAL ACCUMULATIVE WATER S A M P L E D 
FOR EIGHT 1952 STORMS OVER GOOSE CREEK RAINGAGE NETWORK. 
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FIG. 14. RELATION BETWEEN RAINFALL RATE AND 
PERCENT OF TOTAL ACCUMULATIVE WATER SAMPLED 
FOR TWO 1951 STORMS OVER GOOSE CREEK RAINGAGE 
NETWORK. 
cumulative water sampled to rainfall ra te (solid 
line, Figure 18) was prepared. It is felt that this 
curve is a fair representa t ion of each rate con-
tribution for the 1952 thunderstorm season. The 
two 1951 s t o r m s were not included in Figure 18 
because the number of gages and the size of the 
network were not the same as for 1952. 
The two dashed curves in F igure 18 were 
prepared in order to indicate the extreme values 
around the curve for the per cent of total water 
s ampled . The ex t r eme lines do not r e p r e s e n t 
any par t icu la r s t o r m . They r ep resen t ext reme 
va lues f rom all of the individual curves which 
a re included in the solid line. 
FIG. 15. RAINGAGE RECORD OF RAINFALL AT 
STATION 45 ON GOOSE CREEK NETWORK DURING THE 
20 AUGUST 1952 STORM. 
FIG. 16. RAINGAGE RECORD OF RAINFALL AT 
STATION 11 ON GOOSE CREEK NETWORK DURING THE 
18 SEPTEMBER 1952 STORM. 
Receiver-Sensitivity Stepping Switch Settings. 
The solid-line curve in Figure 18 was used to in-
dicate the bes t r ece iver - sens i t iv i ty sett ings for 
the APS-15 stepping switch. The lowest rainfall 
ra te which can be detected by the APS-15 radar 
at a r ange of 15 to 25 mi les (Goose Creek net -
work) is approximately 0.1 inch per hour. A rate 
of 0.1 inch per hour, therefore, had to be accepted 
for step 1 on the stepping switch. A total of about 
10 s teps was des i r ed . An upper r a t e l imi t for 
s tep 10 was chosen at the r a t e which would in-
clude about 99 per cent of the total water sampled. 
The ra te at 99 per cent was chosen par t ia l ly b e -
cause it includes nearly all of the water sampled 
and partially for convenience. According to F ig -
ure 18, the step 1 rate of 0.1 inch per hour in ter -
s ec t s the curve at about 9 per cent . When the 
step 10 rate is set at 99 per cent, it is convenient 
to divide the interval from step 1 to step 10 into 
9 increments of 10 per cent each. According to 
this a r rangement , rainfall accumulation con t r i -
FIG. 17. RAINGAGE RECORD OF RAINFALL AT 
STATION 13 ON GOOSE CREEK NETWORK DURING THE 
9 JULY 1951 STORM. 
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buted by r a t e s l e s s than 0.1 i n . / h r a re not in-
cluded in the radar rainfall measurement. Using 
10 per cent inc rement s , step 1 accounts for the 
water f rom 9 per cent up to, but not including, 
19 per cent of the total water , e t c . All rainfall 
r a t e s of 11 i n . / h r and g rea te r a r e recorded by-
step 10, or as 11 in . /h r in the suggested a r r ange -
ment. The rainfall ra tes suggested for each step 
by the rate versus per cent of accumulative water 
sampled curve a re p resen ted in Table 7. The 
suggested stepping switch values may be used as 
minimum or threshold values, as just described, 
or they can be used as means for the stepping 
switch va lues . If they a r e used as m e a n s , the 
stepping switch values would be centered about 
the suggested ra te to be recorded. 
TABLE 7 
RAINFALL RATES VERSUS 
RECEIVER SENSITIVITY SETTINGS 
Due to electronic limitations in adjusting the 
stepping switch to a certain series of step values, 
the actual step settings used on the APS-15 radar 
a r e not exactly the same as those suggested by 
the solid-l ine curve in Figure 18. However, the 
differences between the suggested and the actual 
settings a re generally ra ther smal l . The actual 
settings are given in Table 7 for comparison with 
the suggested set t ings . It will be noted that an 
11th step was added to aid in correlating settings 
with suggested settings. 
FIG. 18. RELATIONSHIP DETWEEN THE TOTAL 
FREQUENCY OF RAINFALL RATE AND P E R C E N T OF 
TOTAL ACCUMULATIVE WATER SAMPLED FOR EIGHT 
1952 STORMS OVER GOOSE CREEK NETWORK. 
It should be noted that the suggested and actual 
step settings are not recommended for individual 
s t o rms . They are settings which a re suggested 
for best results over a thunderstorm season. For 
g rea te r accuracy in individual s to rm m e a s u r e -
ments, a different series of step settings is needed 
for each type of s torm. This point can be i l lus-
t ra ted by p r epa r ing a fictitious example from 
Figure 18. The left-hand, dashed curve is taken 
as a poss ible re la t ionsh ip in a specific s to rm. 
About 27 to 51 per cent of the accumulated ra in-
fall (water) would be r eco rded on s tep 1. The 
rainfall from 51 per cent to 62.5 per cent would 
be r e c o r d e d on s tep 2, e t c . In this c a s e , the 
accumulative water would not be sampled at equal 
p e r c e n t a g e i n c r e m e n t s and, a l s o , only seven 
steps would be used instead of the maximum num-
ber of steps. A similar example could be worked 
out for any s t o r m curve of accumulat ive water 
sampled versus rainfall r a t e . The example used 
in this discussion was an extreme case . It would 
be difficult to provide for the most accurate radar 
measurements in each s torm. Advance knowledge 
of the curve type representative of each storm and 
a s tepping swi tch ad jus tmen t for each type of 
cu rve would be needed . 
